Gaucher disease is probably the most common of the lysosomal storage disorders. Mutations of the gene encoding glucocerebrosidase result in accumulation of the substrate of this lysosomal enzyme, viz.
glucocerebroside. As a result this glycolipid accumulates principally in the macrophages in type 1 disease, and in the neuronopathic forms of the disease (type 2 and type 3) in the central nervous system as well. Type 1 disease is by far the most common and is characterized by hepatosplenomegaly, thrombocytopenia, and often skeletal involvement.
Historical Considerations
The past 15 years has seen major advances in the management of patients with this autosomal recessive disease. These include the availability of enzyme replacement therapy, and more recently what has been designated as substrate reduction therapy.
Enzyme Replacement Therapy
The concepts behind enzyme replacement are not new. The idea that lysosomal storage diseases could be treated by exogenous administration of enzyme was first suggested by de Duve more than 40 years ago, [1] when he wrote:
"Any substance that is taken up intracellularly by an endocytic process is likely to end up within lysosomes.
This obviously opens up many possibilities for interaction, including replacement therapy."
Attempts to implement this strategy were carried out in the 1970s by Roscoe Brady's group at the NIH [2] and by our group, and then at the City of Hope in Duarte, California. [3] [4] [5] [6] [7] Although we were able to document some encouraging clinical results, the method of delivery that we used, viz. encapsulating enzyme in red cell ghosts, was so cumbersome as to render this treatment approach impractical.
The demonstration by Achord and Sly [8] in 1978 that macrophages have a mannose receptor that could be used to target exogenous enzyme to the cells was a major breakthrough. With the involvement of industry (Genzyme Inc.) it now became possible to make a targeted enzyme on a commercial scale and this enzyme was found to be very effective in treating type 1 Gaucher disease. [9, 10] Substrate Reduction Therapy
The suggestion that inhibition of glucocerebroside formation may be helpful in treatment of this disease was first made verbally by Radin in the 1970's and in publication form almost 20 years ago by his group [11] and others. [12] The implementation of substrate reduction therapy was the indirect outcome of an unsuccessful trial of an enzyme inhibitor in the treatment of HIV infections. This inhibitor, now known as miglustat, is directed against the enzyme that transfers glucose to ceramide forming glucosylceramide (glucocerebroside). It had generally been thought that the use of such inhibitors, blocking the action of an enzyme so essential in glycolipid synthesis, would have prohibitively toxic side effects. But the use of this material in HIV infections made it clear that its toxicity was much lower than had been anticipated. [3, 4] The initial clinical trial showed that this inhibitor had distinct clinical activity in patients with Gaucher disease, reducing the size of both liver and spleen. [15] These investigations were confirmed in subsequent studies. The drug is somewhat less effective than enzyme replacement therapy, and has more side effects.
These include gastrointestinal symptoms, neuropathies and tremor, all of which are believed to be reversible.
Cost of Treatment as a Problem for Countries with Limited Health Care Budgets
In reality, all countries have limited annual health care
budgets. This includes the United States which spends a staggering $5267 per person for health care. [16] But [17] Italy, [18] and Australia [19] [20] currently expends $49,000,000 per annum for the treatment of Gaucher disease, [21] an amount equal to the total healthcare expenditure of nearly 181,000 inhabitants to treat 425 patients. The cost was higher until efforts were made to reduce the high dosages that were given to patients. [21] The gene frequency for Gaucher disease mutations is very high in the Ashkenazi Jewish population, approximating 0.037, [22] and therefore Israel, with a population Genzyme are estimated to top $870,000,000 this year, and this does not take into account the markups in price in the delivery chain. Even this is a major strain on the health care system of many nations.
But the assumptions that we have made here is that every patient is treated with a frequent program that cost $300,000 a year, and that treatment is carried out solely with modified glucocerebrosidase sold by Genzyme Corporation. It is my purpose to review the alternatives that exist. These alternatives cannot solve the problem, but they can certainly ameliorate it.
Partial Solutions to the Problem Treat Only Those Patients Who Really Need It
It has sometimes been implied that all patients with Gaucher disease should be treated to "prevent" the development of complications of the disease. [23] An understanding of the natural history of this disease makes it clear that such an approach is based upon misconceptions about the natural history of the disease. Some patients with Gaucher disease, especially children, manifest rapid progression of symptoms. These are the patients who need treatment. They tend to be the ones that we, as physicians, tend to remember, but they do not represent all patients with Gaucher disease by any Beutler means. In some populations they are, in fact, a distinct minority. There have been relatively few studies of the natural history of Gaucher disease. [24] [25] [26] [27] [28] [29] These studies show that among adults with the homozygous c.1226A>G (N370S) mutation there is little or no progression in the vast majority of cases.
In patients who are compound heterozygotes for a mild mutation such as N370S, and a more severe mutation such as c.1448G->C (L444P), progression is variable. As shown in figure 1 , it is notable that the homozygotes for the N370S mutation tend to have a much later age of onset than the compound heterozygotes or homozygotes for the L444P mutation. Moreover, when the "severity score" is plotted against the age of patients, it is notable that there is little increase in severity of dis- The proposal has also been made that therapy be initiated with a very low dose, 15 units per kilogram per month and that at next month intervals the patient be evaluated and the dose doubled or reduced to one half depending upon response. [34] Reasonable as this approach may appear, it is based upon the hypothesis that the variable response of patients to therapy is a result of differing sensitivities to therapy. If this were the case, one would expect that the number of treatment "failures"
with small doses would be greater than with larger doses.
As shown in figure 4 , meta-analysis of all of the available data using the criteria for "failure" employed by Hollak et al [34] shows no evidence of dose sensitivity.
It has often been suggested that while "low dose This saving can make an enormous difference in the number of patients that can be treated.
Finally, resources can be conserved by judicious use of "drug vacations". It is conventional wisdom that patients need to be on some type of maintenance therapy to prevent rapid progression of their disease once treatment has been successful in eliminating most of the stigmata of the disorder. But there is no evidence that this is true, or that it is true for all patients. It has been our experience and that of others [41, 42] that once the patient is in a state in which the disease burden is minimal it is often possible to discontinue therapy for months or even years. When organomegaly or hematologic changes begin to recur there is ample time to reinstitute treatment. Obviously, suspending treatment saves resources, but it is also psychologically beneficial for many patients to be told that they have responded so well The failure rate at different monthly doses of alglucerase or imiglucerase36 using the criteria of Hollak et al [34] . These criteria are based on a combination of the hematologic and visceral response. The analysis is based upon all studies of 5 or more patients in which sufficient data were given to allow evaluation of the response at 6 mo.
[25,31,34,37,38] The error bars represent one standard error of the mean. From Beutler [39] with permission The numbers 1 through 13 denote the source of the data: 1. Barton, et al [9] as corrected in 30; 2,5-7. Fallet, et al [31] and Pastores, et al [32] ; 8. Barton et al [30] ; 8a. Altarescu et al (this issue); 9-11,13. Figueroa, et al [33] and Beutler [25] ; 12. Hollak et al [34] . The numbers on the bars represent the dosage of alglucerase, and one standard error is shown. The dose frequencies and total dose are given for a 4 week period. The italicized numbers over the bars are the number of patients in each group. From Beutler [35] with permission Dose Frequency (per 4 weeks) 2 12 28 % Decrease in Liver Volume in 6 mo that they can suspend therapy for a time.
Administering a Substrate Inhibitor
Although low molecular weight inhibitors of glucocerebrosidase are undoubtedly inexpensive to synthesize, miglustat is being sold at a high price. Consequently, little saving can be achieved by using these potentially less expensive treatment modalities. If the price of inhibitors were lowered substantially they might prove an excellent alternative to enzyme replacement therapy in some patients. But at present, they are as costly as enzyme replacement when the appropriate low dose therapy regimen is given. It is notable in this regard that while the dose of enzyme usually given in some Western countries is much higher than is needed, reducing the dose of miglustat has been shown to severely impair its effectiveness. [43] 
Making Your Own Enzyme Preparation
It is conceivable that some nations, perhaps with the cooperation of neighboring countries, might be able to make their own recombinant enzyme preparations for the treatment of Gaucher disease. At first blush, this may seem like a daunting prospect. I have been impressed, however, with the centers of excellence in technology that exist in some countries, even some in which the gross national product per capita is quite low. If the technology for making pharmacologic grade recombinant proteins exists or can be created, this is an option that could be considered.
I am not schooled in the law and therefore cannot provide a professional appraisal of the intellectual property landscape. However, as pointed out in the introduction, all of the essential ingredients for the use of enzyme replacement therapy in Gaucher disease are in the public domain. The basic idea was suggested 40 years ago, [1] the first clinical trials were done 30 years ago, [2] the use of mannose targeting was published more than 25 years ago, [8] and recombinant enzyme was made in tissue culture 20 years ago. [44] Thus, I would surmise
The treatment of Gaucher disease with limited health care resources [9] = ; 130U/kg/mo, Grabowski et al [38] = ; 105U-130U/kg/mo, Pastores et al [32] = ;) and doses of 30U/Kg/mo in open symbols (Beutler, et al [25] = ; Zimran et al [40] = ; Zimran et al [37] = ∆ ∆ ∆ ∆ ∆). Panels C (liver) and D (Spleen) show the response to 15U/kg/mo according to Hollak et al [34] = . From Beutler [39] with permission that the only valid barriers to production of enzyme would deal with details of methods of preparation. Some innovation might be required here.
Conclusions
The cost of medical care everywhere is rising and no nation can provide everything that healthcare has to offer for everyone. Healthcare budgets are not infinite; what we give to one, we must take away from another. This principle although politically not popular, is a fact of life.
It applies to rich nations as well as poor, but it is the poor nations that must make the hard decisions more 
